Introduction
Chronic kidney disease (CKD) is a common condition in developed countries, and the incidence can be high as 400 cases per 1,000,000 inhabitants (1) . Loss of renal function is associated with a proinflammatory milieu and a concomitantly impaired immune system. In patients with CKD, the uremia-associated defect in the immune system has a broad clinical impact on morbidity and mortality. These patients are highly susceptible to infections and have an increased risk of atherosclerosis (2) . In patients with CKD, the proinflammatory milieu is most likely caused by activation of immune cells and an increased oxidative stress, although the underlying condition may vary by severity and cause of CKD. Both phenomena are highly interrelated because proinflammatory cytokines might generate oxidative stress, whereas oxidative stress might modulate inflammation (3) .
Little information is available about the mechanism of how CKD affects host defense. In a host with normal kidney function, leukocyte recruitment during inflammation and infection is initiated by selectin-mediated rolling on the vessel wall (4) . Rolling leukocytes sense chemokines presented by activated endothelial cells, which bind their respective GPCRs on leukocytes (5, 6) . Inside-out signaling induced by these receptors triggers CD18 (β 2 ) integrin activation, which involves integrin clustering and a conformational change from a bent and inactive conformation to a fully extended conformation with high binding affinity for intercellular adhesion molecule-1 (ICAM-1) (7). The interaction of activated β 2 integrins with ICAM-1 leads to leukocyte arrest on the endothelium and initiates transendothelial migration (8) .
The family of FGFs consists of proteins that regulate cell proliferation, migration, differentiation, and survival (9) . FGF23 is a recently discovered FGF and functions as an endocrine hormone that regulates phosphorus homeostasis through binding to FGF receptor (FGFR) and klotho, its coreceptor in the kidney and parathyroid glands (10) (11) (12) . FGF23 levels are often 2-to 5-fold above the normal range during early and intermediate stages of CKD, but they can reach levels 1,000-fold above normal in advanced renal failure (13, 14) . While compensatory increases in FGF23 levels help patients with CKD to maintain normal serum phosphate levels despite even severely reduced renal function, recent prospective studies of CKD and non-CKD patients demonstrated that elevated FGF23 levels during CKD are independently associated with infectious events and all-cause mortality, and they have a dose-dependent association between elevated FGF23 levels and greater risks of major cardiovascular events and mortality (13, (15) (16) (17) (18) . Although leukocytes express different high-affinity tyrosine kinase receptors (FGFR1, -2, and -4) -with FGFR2 being the only cell surface-bound FGFR -the effects of FGF23 on integrin activation and neutrophil activation and recruitment have not been investigated yet (19) .
In this study, we analyzed the role of FGF23 in regulating the inflammatory response and host defense during CKD. We report that elevated FGF23 levels during CKD limit leukocyte recruitment and impair host defense by interfering with leukocyte integrin activation and recruitment.
Chronic kidney disease (CKD) has been associated with impaired host response and increased susceptibility to infections. Leukocyte recruitment during inflammation must be tightly regulated to protect the host against pathogens. FGF23 levels are increased in blood during CKD, and levels of this hormone have been associated with a variety of adverse effects in CKD patients. Here, we have shown that CKD impairs leukocyte recruitment into inflamed tissue and host defense in mice and humans. FGF23 neutralization during CKD in murine models restored leukocyte recruitment and host defense. Intravital microscopy of animals with chronic kidney failure showed that FGF23 inhibits chemokine-activated leukocyte arrest on the endothelium, and downregulation of FGF receptor 2 (FGFR2) on PMNs rescued host defense in these mice. In vitro, FGF23 inhibited PMN adhesion, arrest under flow, and transendothelial migration. Mechanistically, FGF23 binding to FGFR2 counteracted selectin-and chemokine-triggered β 2 integrin activation on PMNs by activating protein kinase A (PKA) and inhibiting activation of the small GTPase Rap1. Moreover, knockdown of PKA abolished the inhibitory effect of FGF23 on integrin activation. Together, our data reveal that FGF23 acts directly on PMNs and dampens host defense by direct interference with chemokine signaling and integrin activation.
FGF23 signaling impairs neutrophil recruitment and host defense during CKD CKD impairs neutrophil activation and recruitment by affecting β 2 integrin-dependent functions. To investigate how FGF23 affects leukocyte recruitment in vivo, we performed intravital microscopy of the cremaster muscle. Mice with chronic kidney failure had an increased leukocyte rolling velocity in postcapillary venules of the cremaster muscle (Figure 2A ), a decreased number of adherent cells ( Figure 2B) , and a decreased number of leukocytes that emigrated into inflamed tissue ( Figure 2C ) compared with sham-operated control mice. Blocking FGFRs by injecting PD173074 in these mice restored leukocyte recruitment ( Figure  2 , A-C), suggesting that FGF23 affects different steps of the leukocyte recruitment cascade.
To exclude that endothelium-related factors in animals with chronic kidney failure are responsible for the observed effects, adoptive transfer experiments were performed. A timeline for these experiments is shown in Supplemental Figure 4A . BM cells from sham-operated mice and mice with chronic kidney failure were labeled with cell trackers and then injected into WT recipient animals in equal amounts 30 minutes after TNF-α injection (competitive recruitment assay). Compared with neutrophils from shamoperated mice, neutrophils from mice with chronic kidney failure displayed an increased rolling velocity and reduced adhesion in inflamed postcapillary venules of the cremaster muscle ( Figure 2 , D and E). Additionally, the neutrophils from sham-operated mice transmigrated at a higher number than neutrophils from mice with chronic kidney failure ( Figure 2F ). Pretreatment of mice with chronic kidney failure with PD173074 rescued leukocyte rolling velocity, intravascular adhesion, and transmigration, whereas pretreatment of sham-operated mice with FGF23 led to impaired leukocyte slow rolling, adhesion, and transmigration ( Figure 2 , D-F).
To confirm our intravital microscopy data, we performed autoperfused flow chamber experiments in vitro. Leukocytes from sham-operated mice and mice with chronic kidney failure had similar rolling velocities on E-selectin and P-selectin ( Figure 2 , G and H). Leukocytes from sham-operated animals displayed reduced rolling velocities in flow chambers coated with either E-selectin/ ICAM1 or P-selectin/ICAM-1 ( Figure 2 , G and H). However, slow leukocyte rolling in leukocytes from mice with chronic kidney failure was impaired, as these cells rolled faster on E-selectin/ICAM-1 and P-selectin/ICAM-1, respectively (Figure 2, G and H). To selectively investigate chemokine-induced arrest in vivo, sham-operated mice and mice with chronic kidney failure were injected with CXCL1 i.v., and arresting leukocytes in the postcapillary venules of the cremaster muscle were analyzed by intravital microscopy. Chemokine-induced leukocyte arrest was reduced in mice with chronic kidney failure compared with sham-operated animals but could be rescued in mice with chronic kidney failure pretreated with PD173074 ( Figure 3A) . We also confirmed these findings by using flow chamber experiments in vitro, where the presence of CXCL1 induced firm arrest of leukocytes from sham-operated mice. However, leukocytes from animals with chronic kidney failure failed to firmly arrest in flow chambers coated with P-selectin/ ICAM-1/CXCL1 ( Figure 3B ).
We have demonstrated that FGF23 inhibits chemokineinduced integrin activation on leukocytes in vivo. The main proinflammatory chemokine that triggers integrin activation on neutrophil during vascular inflammation in the murine system is CXCL1.
Results
Neutrophil recruitment and host defense during pneumonia is decreased in mice with chronic kidney failure. To investigate the effect of chronic kidney failure on host defense, we performed 5/6-nephrectomy in WT mice. This model system has been shown to reliably induce CKD in the murine system (20, 21) . Ten days after surgery, pneumonia was induced in these mice by intratracheal injection of viable E. coli bacteria (22) . In shamoperated animals, the induction of pneumonia led to a substantial recruitment of neutrophils into the bronchoalveolar lavage (BAL), and only a few bacterial CFUs could be detected in the BAL, lung, and spleen 24 hours after inducing pneumonia (Figure 1, A-D) . The recruitment of neutrophils into the BAL was severely impaired in mice with chronic kidney failure, and consequently, these mice displayed an impaired bacterial clearance with high bacterial counts in the BAL, lung, and spleen after 24 hours (Figure 1, A-D) .
As plasma levels of FGF23 are elevated during chronic kidney failure (Supplemental As leukocytes express FGFR1, -2, and -4, we wanted to identify the FGFR responsible for transducing the effect of FGF23 in leukocytes. As only FGFR2 is expressed on the cell surface of neutrophils (19) , we knocked down FGFR2 by using shRNA. FGFR2 knockdown (FGFR2-KD) on neutrophils was verified by Western blot (Supplemental Figure 5C) (23) . FGFR2-KD in mice with chronic kidney failure rescued the host defense by restoring neutrophil recruitment, enabling efficient bacterial clearance in the BAL, lung, and spleen ( Figure 1 , M-P). In addition, when mice with chronic kidney failure were pretreated with the pan-FGFR inhibitor PD173074, neutrophil recruitment was restored and these mice were capable of efficient bacterial clearance, as indicated by low bacterial counts in the BAL, lung, and spleen (Supplemental Figure 2, A-D) . In order to quantify kidney function after 5/6-nephrectomy, we measured serum creatinine levels and observed a significant increase in these animals compared with sham-operated mice (Supplemental Figure 3) . Survival following induction of pneumonia was also significantly decreased in animals with chronic kidney failure compared with sham-operated animals ( Figure 1Q ). However, if these animals were treated with an FGF23 neutralizing antibody, survival was significantly improved ( Figure 1R ). Treatment of sham-operated animals with an FGF23 neutralizing antibody did not significantly modulate survival compared with animals with chronic kidney failure that received an FGF23 neutralizing antibody ( Figure 1R ). that FGF23 pretreatment significantly decreased ROS production of PMNs in vitro ( Figure 3F ). Using increasing concentrations of FGF23, we demonstrated that FGF23 significantly decreases neutrophil adhesion ( Figure 3D ), ICAM-1 binding ( Figure 3E ), and superoxide production ( Figure 3F ) at concentrations of 50 ng/ml and above. In addition, FGF23 pretreatment also inhibited integrin-dependent phagocytosis ( Figure 3G ) and transendothelial migration ( Figure 3H ). These data suggest that FGF23 can selectively inhibit different neutrophil functions. FGF23 inhibits integrin activation by signaling through FGFR2. In order to investigate the effect of FGF23 on neutrophil β 2 integrin Thus, we used stimulation with CXCL1 to investigate the inhibitory effect of FGF23 on neutrophil integrin activation. To confirm the in vivo data, we performed neutrophil adhesion assays and could demonstrate that PMN adhesion to ICAM-1 was decreased after pretreatment with FGF23 under both static conditions ( Figure 3C ) and flow conditions ( Figure 3D ) in vitro. To directly investigate the effect of FGF23 on integrin activation, we analyzed ICAM-1 binding by flow cytometry and observed a decreased ICAM-1 binding of PMNs pretreated with FGF23 ( Figure 3E ). To investigate whether FGF23 also inhibited integrin-dependent outside-in signaling on PMNs, we analyzed superoxide production and showed 
(G and H)
Leukocyte rolling velocities on E-selectin and E-selectin/ICAM-1 (G) or P-selectin and P-selectin/ICAM-1 (H) were analyzed by video microscopy (n = 4). *P < 0.05, ANOVA plus Bonferroni testing in A-F or 2-tailed t test in G and H.
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we used the human reporter antibody mAb24, which specifically recognizes the high-affinity conformation of LFA-1. FGF23 significantly reduced the number of adherent cells in flow chambers coated with P-selectin/CXCL1 and mAb24, suggesting that FGF23 inhibits chemokine-induced LFA-1 activation ( Figure 4B ). Rap1 is known to be involved in β 2 integrin activation at the distal end of the signaling pathway, and we demonstrated that the inhibitory effect of FGF23 was reversed by pretreating the cells with a constitutive active Tat-Rap1 fusion protein (Tat-Rap1-CA) ( Figure 4, A and B) . In order to investigate the effect of FGF23 on neutrophil β 2 integrin activation through its proposed receptor FGFR2, we genactivation, we used HL60 cells in a reporter-antibody-based flow chamber assay (24) . Selectin-mediated slow rolling and chemokine-induced arrest of neutrophils is mediated by the conformational change of the β 2 integrin LFA-1. To directly investigate the effect of FGF23 on selectin-mediated LFA-1 activation, we used the human reporter antibody Kim127, which specifically recognizes the intermediate conformation of LFA-1. In flow chambers coated with E-selectin and Kim127, FGF23 significantly reduced the number of adherent cells, indicating an inhibition of the transition of LFA-1 into the intermediate conformation ( Figure 4A ). To directly investigate the effect of FGF23 on chemokine-induced LFA-1 activation, independent of α-klotho (17, 26) . In order to investigate whether FGF23 also inhibits integrin activation on neutrophils independent of α-klotho, we pretreated isolated human neutrophils with or without FGF23 and/or the α-klotho inhibitor D-saccharid acid 1,4-lactone monohydrate (DLAS) and analyzed mAb24 binding after IL-8 stimulation. The addition of DLAS did not reverse the inhibitory effect of FGF23 on mAb24, thus indicating a klothoindependent mode of action for FGF23 (Supplemental Figure 6 ). FGF23 deactivates integrins by inhibitory signaling through PKA. Previous studies have indicated that the exogenous activation of the protein kinase A (PKA) in leukocytes is involved in integrin deactivation (27) . In order to investigate whether FGF23 exerts its inhibitory effect through PKA activation, we analyzed the serine phosphorylation of PKA substrates. IL-8 is the human analogue to the murine chemokine CXCL-1, and it triggers integrin activation on neutrophils during vascular inflammation. IL-8 stimulation of isolated human neutrophils caused a significant increase in serine phosphorylation of PKA substrates, as did FGF23 pretreatment of isolated human neutrophils without IL-8 stimulation ( Figure 5, A  and B) . However, the phosphorylation of PKA substrates, indicating its (inhibitory) activity, was significantly potentiated when FGF23 pretreated cells were consecutively stimulated with IL-8 ( Figure 5, A and B) . However, the effect of FGF23 pretreatment on PKA activation was absent in FGFR2-KD HL60 cells ( Figure  5C ), indicating that FGF23 signals through binding to FGFR2 (Figure 5C ). PKA-KD in HL60 (Supplemental Figure 5B) significantly increased mAb24 binding at baseline and after IL-8 stimulation, indicating increased integrin activation ( Figure 5D ). In addition, PKA-KD abolished the inhibitory effect of FGF23 on integrin activation ( Figure 5D ). In order to show that FGF23 treatment leads to sustained PKA activation, we pretreated neutrophils with FGF23, washed the cells, and analyzed PKA substrate phosphorylation at different time points. We detected increased PKA substrate phosphorylation up to 2 hours after FGF23 had been washed away ( Figure 5E ). To investigate the effect of FGF23 on the activation of Rap1 as a downstream effector involved in integrin activation, we pretreated isolated human neutrophils with FGF23 and observed an abrogated Rap1 activation after IL-8 stimulation compared with stimulated control neutrophils ( Figure 5F ).
Selectin-mediated slow rolling and chemokine-induced arrest is impaired in human patients with CKD. To extend our findings to the human system, we conducted flow chamber experiments with whole blood samples from CKD patients (stages 3-5) and healthy volunteers. There was no significant difference in demographical While it is known that CKD patients have a higher incidence of recurrent bacterial infections (28) , the underlying molecular mechanisms that are responsible for this phenomenon remain poorly defined. In addition, CKD may have both pro-and antistimulatory effects on immune cell recruitment. Interstitial leukocyte infiltration into the kidney itself may be initially increased during CKD, and CKD patients often present with progressive atherosclerotic diseases caused by a proinflammatory milieu, which may link these observations (2). However, it has also been shown that initial priming of neutrophils during CKD leads to unresponsiveness of neutrophils to further stimuli, accompanied by impaired migratory behavior and severely compromised phagocytic capacity, which contributes to vulnerability to exogenous pathogens (e.g., bacteria and fungi) and renders CKD patients prone to recurrent infections (29) (30) (31) . This is in line with our findings that demonstrate decreased neutrophil recruitment and severely impaired host defense under inflammatory conditions in the murine system, as well as distinct impairments in several steps of the leukocyte recruitment cascade in samples from patients with CKD.
CKD causes accumulation of FGF23 in the plasma (17) . Although various effects of increased FGF23 levels with respect to phosphate homeostasis regulation and myocardial hypertrophy have been described, the available evidence for a direct effect of FGF23 on the immune system is very scarce (17) . It has been described that FGF23 may inhibit the extrarenal expression of vitamin D-activating enzyme 1α-hydroxylase in monocytes, thus regulating 1,25-dihydroxyvitamin D synthesis (32, 33) . Moreover, a recently published study among chronic hemodialysis patients demonstrated that increased FGF23 levels were independently associated with a higher infection rate and higher all-cause mortality (18) . However, this study included dialysis patients, and the mechanisms might differ from the data in our study. Yet, our findings are also in accordance with earlier evidence showing that high FGF23 levels are associated with higher mortality among CKD patients (15) . However, FGF23 has not been shown to be directly data, except for estimated glomerular filtration rate (eGFR) and serum creatinine levels (Table 1) . Leukocytes from all groups displayed similar rolling velocities on E-selectin or P-selectin alone ( Figure 6, A and B) . Leukocytes from healthy volunteers reduced their rolling velocity on E-selectin/ICAM-1 or P-selectin/ICAM-1, respectively ( Figure 6 , A and B), whereas this reduction in the rolling velocity was significantly less pronounced in leukocytes from CKD stage 3 patients and was virtually abolished in leukocytes from CKD stage 4-5 patients ( Figure 6, A and B) . To show that FGF23 is responsible for abolished slow leukocyte rolling, we pretreated whole blood samples from healthy volunteers with increasing doses of FGF23 and observed a complete abrogation of neutrophil slow rolling on E-selectin/ICAM-1 or P-selectin/ICAM-1 at FGF23 concentrations above 100 ng/ml ( Figure 6, C and D) . To test whether chemokine-induced arrest is also impaired in human CKD patients, we performed adhesion flow chamber experiments and observed a significantly reduced chemokine-induced arrest in neutrophils from CKD stage 3-5 patients compared with healthy controls (Figure 6E ). Preincubating leukocytes from CKD patients with PD173074 rescued chemokine-induced arrest (Figure 6E ). In contrast, pretreating blood samples from healthy volunteers with recombinant FGF23 reduced chemokine-induced neutrophil arrest on P-selectin/ICAM-1/IL-8 in a dose-dependent manner ( Figure 6F ).
Discussion
This study indicates that CKD in the murine system and in human patients reduces neutrophil recruitment and host defense during inflammatory processes. We demonstrate that CKD affects differ- routes, they share a similarity in that they all act indirectly on the immune function, i.e., by affecting translational regulation. However, research over the last years could identify several antiinflammatory factors that modulate integrin activation directly by interacting with neutrophils. The first, GDF-15, has been shown to directly counteract chemokine-induced β 2 integrin activation on neutrophils by activation of the inhibitory small GTPase Cdc42, resulting in deactivation of Rap1 (37) . Additionally, we previously showed that GDF-15 also directly deactivates β 3 integrins on platelets, resulting in both an antithrombotic effect as well as an antiinflammatory component (27) . Several other endogenous regulators of neutrophil integrin activation have been identified, including Del-1, which inhibited neutrophil recruitment during periodontitis in an IL-17-dependent manner, and AnnexinA1, which limited arterial leukocyte recruitment during the pathogenesis of atherosclerosis (38, 39) . With respect to our study, we observed that FGF23 modulated neutrophil integrin activation already after linked to immune cell recruitment during inflammatory processes to this point. To our knowledge, this is the first report for the inhibitory effect of FGF23 on neutrophil activation and recruitment and, thus, the first report linking increased FGF23 levels during CKD to immune dysfunction. Shalhoub and colleagues observed an increased mortality of FGF23-neutralizing antibody-treated rats during chronic treatment over a time period of up to 6 weeks, which is possibly caused by increased aortic calcification (34) . However, the short time (24 hours) of FGF23 neutralization in this study reversed neutrophil dysfunction in CKD mice and improved survival in an acute inflammatory model of bacterial pneumonia. The innate immune response requires a tight regulation, as inadequate leukocyte recruitment may also harm the host itself (35) . Several antiinflammatory factors have been identified to this date, including interleukins and their receptors such as an IL-R1 antagonist, IL-4, IL-6, IL-10, IL-11, IL-13, and TGF-β (36). Although these molecules act by diverse molecular signaling Figure 6 . Selectin-mediated slow rolling and chemokine-induced arrest is impaired in human patients with CKD. (A and B) Heparinised whole blood samples were obtained from healthy volunteers and CKD stage 3-5 patients and perfused through coated flow chambers, and the rolling velocity on E-selectin and E-selectin/ICAM-1 (A) or P-selectin and P-selectin/ICAM-1 (B) was analyzed by video microscopy (n = 8-13). (C and D) Whole blood samples from healthy volunteers were incubated with FGF23, and the rolling velocity in flow chambers with E-selectin and E-selectin/ICAM-1 (C) or P-selectin and P-selectin/ICAM-1 (D) was analyzed (n = 4). (E) To investigate chemokine-induced arrest, whole blood samples from healthy volunteers and CKD stage 3-5 patients were perfused through flow chambers coated with P-selectin/ICAM-1 or P-selectin/ICAM-1/IL-8 (n = 8-13). (F) Whole blood samples from healthy volunteers were incubated with FGF23, and the chemokineinduced arrest in flow chambers coated with P-selectin/ICAM-1 or P-selectin/ICAM-1/IL-8 was analyzed (n = 4). *P < 0.05, ANOVA plus Bonferroni testing in A, B, and E or 2-tailed t test in C, D, and F. trophil activation, adhesion, and transendothelial migration. We have demonstrated the inhibitory effect of FGF23 in several in vivo models as well as in vitro; thus, it is reasonable to consider FGF23-mediated inhibition of neutrophil activation and recruitment during CKD as a general principle. These findings may be of great interest to further elucidate the therapeutic potential of FGF23 for the control of inflammatory disorders in future studies.
Methods
Animals. We used 8-to 12-week-old male C57BL/6 mice (Janvier Labs). The mice were kept in a barrier facility under specific pathogenfree (SPF) conditions. Reagents. Unless otherwise stated, all reagents were obtained from Sigma-Aldrich.
Murine model of chronic kidney failure. Chronic kidney failure in mice was induced by 5/6-nephrectomy. Mice were anesthetized by i.p. injection of ketamine (125 μg/g body weight; Pfizer) and xylazine (12.5 μg/g body weight; Bayer). After epidermal hair removal and disinfection, a skin incision was performed and the kidneys in the retroperitoneal space were exposed. The right kidney was ligated and removed. The lower renal artery supplying the caudal half of the left kidney was ligated, and the cranial pole of the left kidney was thermocoagulated so that only 1/6 of the global renal tissue remained functional. After skin closure, animals were injected with 200 μl saline i.p. for volume resuscitation and kept on a heating pad until the animals had fully recovered from the procedure. Animals were used for further experiments 10 days after 5/6-nephrectomy.
E. coli-induced pneumonia. E. coli-induced pneumonia was performed in mice as previously reported (22) . Mice were anesthetized by i.p. injection of ketamine/xylazine and injected intratracheally with 6 × 10 6 viable E. coli (8 × 10 6 for survival analysis). After 24 hours, the mice were sacrificed and the lungs were lavaged 5× with 0.7 ml physiologic saline solution. The number of neutrophils in the BAL was counted using Kimura staining. E. coli CFUs in the lung, blood, and spleen were counted by serial plating on trypticase soy agar plates (TSA) agar plates (22) . The number of detected CFUs was used to determine the actual E. coli bacterial burden after 24 hours. Some mice were injected with PD173074 (1 mg/kg body weight/day), recombinant FGF23 (carrier free, R&D Systems, catalog 2604-FG/CF) or an FGF23-neutralizing antibody (clone 58-5, Amgen; 3 mg/kg body weight) (34) 15 minutes after induction of pneumonia. To calculate the FGF23 dose for in vivo experiments, mice were weighed before the experiment and the blood volume was calculated by assuming a mean murine blood volume of 80 ml/kg bodyweight. In order to achieve an FGF23 concentration of 100 ng/ml, a mouse weighting 25 g was injected with 200 ng FGF23 via the tail vein 15 minutes after induction of pneumonia. In order to demonstrate effective FGF23 neutralization by the antibody, we injected the FGF23-neutralizing antibody in CKD mice and measured FGF23 serum levels before and after the administration of the neutralizing antibody. The administration of the FGF23-neutralizing antibody sharply decreased the detectable, circulating FGF23 levels, indicating effective neutralization (Supplemental Figure 7) . In order to show this neutralization effect, we used the same antibody against FGF23 in the in vivo experiments and in ELISA. The rationale behind this approach is that, once the neutralization antibody binds to its epitope on FGF23, the same epitope cannot be detected by the same antibody that was used in the ELISA.
a short preincubation time, thus ruling out an indirect mode of action via translational regulation. FGF23 exerts its inhibitory effect on integrin activation by a molecular pathway, including the small GTPase Rap1, which is a well-known signaling intermediate involved in integrin activation in various cell types (40, 41) . In this study, we identified FGFR2 on neutrophils as the receptor for FGF23, thus providing a direct molecular pathway responsible for the observed inhibitory effects of FGF23. Importantly, FGFR3 is not expressed by neutrophils, and FGFR1 and FGFR4 are localized in the cytosol but not on the cell surface of neutrophils (19) . This adds to our finding that the inhibitory effect of FGF23 on neutrophil integrin activation is mediated by binding and signaling via FGFR2.
By using biochemical analysis, we also demonstrated that the inhibitory molecule PKA gets activated upon FGF23 binding to FGFR2. FGF23 levels and PKA activation have also been associated with nonhematopoietic cells lines, e.g., in osteoclasts (42) . Furthermore, low levels of FGF23 have been demonstrated to activate PKA in proximal tubule-like cells in vitro, although this required the presence of parathyroid hormone (PTH) (43) . Further functional assays with HL60 cells strengthened the concept that PKA is indeed necessary to mediate the inhibitory effect of FGF23 on the intracellular signaling cascade and, thus, necessary to deactivate integrins. This is in accordance with previous studies indicating that the activation of PKA is linked to decreased neutrophil recruitment and reduced integrin-dependent neutrophil functions, e.g., migration, ROS production, polarization, and chemotaxis (44) (45) (46) (47) (48) . In addition, we could previously demonstrate that the inhibitory effect of GDF-15 on β 3 integrin activation in platelets is mediated by PKA activation (27) . To our surprise, PKA was not only activated after FGF23 pretreatment, but was even more pronounced after IL-8 stimulation. Thus, it appears that the chemokine-triggered activating signaling processes are simultaneously accompanied by initiation of counterregulatory mechanisms, in this case PKA, that aid in balancing integrin activation and avoiding an overshooting response. This concept is also supported by our findings that chemokine-induced integrin activation is significantly increased in the absence of PKA in HL60, which drives the balance toward the integrin-activating pathways in the system. FGF23 levels have been reported to be elevated up to 1,000-fold in patients with CKD (13, 14, 49, 50) . However, FGF23 levels vary among different publications and may be based on different methods used for measuring FGF23 levels (radioactive assays or ELISAbased methods). It is possible that some methods measure only active FGF23, whereas other methods determine total FGF23, which includes active as well as inactive FGF23. We measured FGF23 using a commercially available ELISA assay. Analysis of FGF23 levels in patients and mice revealed up to 1,000-fold elevated FGF23 levels in CKD mice compared with sham-operated control mice, as well as in CKD stage 5 patients compared with healthy control subjects (Supplemental Figure 1) . These measurements justified the use of FGF23 concentration of up to 100 ng/ ml for in vivo and in vitro experiments. Additionally, experiments with lower FGF23 concentrations demonstrated a dose-response kinetic for the inhibitory effect of FGF23 on integrin deactivation.
In conclusion, our data indicate a previously unknown role for FGF23 in neutrophil integrin deactivation, which inhibits neu- (25, 57) .
ROS production. ROS production was analyzed as described previously (57) . Briefly, isolated neutrophils were plated on poly-RGDcoated (20 mg/ml) 96-well plates with CaCl 2 (1 mM), MgCl 2 (1 mM), and cytochrome c (0.1 mM) in the presence of TNF-α (0.5 mg/ml) and/or SOD (~45 U), and plates were analyzed on a plate reader.
Phagocytosis. pHrodo E. coli bioparticles (Invitrogen) were opsonized with 50% mouse serum at 37°C for 30 minutes. Isolated neutrophils were incubated with opsonized bioparticles at 37°C and 5% CO 2 for 60 minutes. The phagocytosis of bioparticles was analyzed by flow cytometry (BD FacsCanto, BD Biosciences).
Transendothelial migration. Transendothelial migration of isolated murine neutrophils though a bEnd.5 endothelial cell monolayer was analyzed as described before (58) .
LFA-1 clustering. LFA-1 clustering was analyzed as described before (25) . Briefly, HL60 cells were stimulated with 100 ng/ml IL-8 (PeproTech) for 5 minutes. After fixation with 1% PFA/PBS, cells were blocked with 3% BSA/PBS for 30 minutes and incubated with anti-LFA-1 antibody (clone TS2/4, BioLegend) at 4°C overnight, followed by incubation with Alexa Fluor 488-coupled anti-mouse secondary antibody (Invitrogen) for 1 hour. Images were obtained using a spinning disc confocal microscope (Cell Observer SD, Zeiss).
Autoperfused murine flow chamber assay. Autoperfused flow chamber experiments were performed as previously described (23, 25, (52) (53) (54) . Briefly, rectangular glass capillaries were coated with E-selectin (2.5 μg/ml) alone or in combination with ICAM-1 (2 μg/ml; R&D Systems) for 2 hours and then blocked for 1 hour using casein (Thermo Fisher Scientific). To control the wall shear stress in the capillary, a PE-50 tubing (BD Biosciences) was connected to one side of the capillary. The other side of the chamber was connected to a PE-10 tubing (BD Biosciences) and inserted into a mouse carotid artery. Leukocyte rolling was recorded for 1 minute using an SW40/0.75 objective and a digital camera (Sensicam QE, Cooke Corporation).
Human flow chamber assay. Blood-perfused flowchamber assays with human whole blood were performed as described previously (24, 31) . Glass capillaries were coated with E-selectin (3.5 μg/ml), P-selectin (20 μg/ml), E-selectin/ICAM-1 (3.5/3.5 μg/ml), or P-selectin/ICAM-1 (20/5 μg/ml) for 2 hours. Chambers were blocked with casein 1% (Fisher Scientific) for 1 hour and, afterward, perfused with heparinised whole blood samples at a constant shear stress of 5-6 dynes/cm 2 . It has been demonstrated before that >90% of rolling cells in this system are polymorphonuclear neutrophils (24) . For the analysis of chemokineinduced arrest, glass capillaries were coated with P-selectin (50 μg/ ml) and ICAM-1 (5 μg/ml) or P-selectin (50 μg/ml), ICAM-1 (5 μg/ml), and IL-8 (5 μg/ml) for 2 hours. Rolling and adhering cells per field of view were counted after 2 minutes of perfusion with whole blood at 5-6 dynes/cm 2 , and the ratio of adhering to rolling cells was calculated.
Cell lines and constructs. Stable KD of FGFR2 and PKA in promyelocytic HL60 (ATCC) cells was achieved by lentiviral transduction of shRNA as described previously (FGFR2 shRNA: 5′-CCG-GATATGGATCAGAGGAGTAAATCTCGAGATTTACTCCTCTGA TCCATATTTTTTG-3′, PKA shRNA: 5′-CCGGTAGATCTCACCAAGC-GCTTTGCTCGA GCAAAGCGCTTGGTGAGATCTATTTTTG-3′, or nonsense control shRNA: 5′-CCGGCAACAAGATGAAGAGCACHematopoietic stem cell isolation and retroviral transduction. Retroviral supernatants were generated by transfecting a packaging cell line with the respective constructs using Lipofectamine 3000 (Thermo Fischer Scientific) as described previously (23) . Supernatants were collected and used for infection of hematopoietic stem and progenitor cells as described previously (51) . Briefly, BM cells were isolated from WT mice and were subjected to lineage depletion by using a lineage cell depletion kit (Miltenyi Biotec) according to the manufacturer's protocol. Purified hematopoietic stem and progenitor cells were preincubated overnight in BM stimulation medium (DME, Invitrogen), 20% FCS supplemented with 10 ng/ml of murine IL-3, 5 ng/ml of murine IL-6, and 50 ng/ml of murine stem cell factor (all cytokines from PeproTech). RetroNectin-coated culture dishes (50 μg/ml; Takara Bio Inc.) were used to concentrate the viral particles. The prestimulated BM was seeded for overnight incubation on these plates with a density of 2 × 10 6 /plate in 3 ml BM stimulation medium. After 2 days of transduction, efficiency was measured by flow cytometry. BM transplantation was performed as described previously (52) . Recipient animals were lethally irradiated with 950 cGy to destroy the native BM, and only transduced donor stem cells were transplanted into recipient mice by tail-vein injection. The degree of BM reconstitution with donor stem cells was verified by flow cytometry (>95%), and the animals were used for experiments 6 weeks after transplantation. In order to show that FGFR2 shRNA effectively knocked down FGFR2 on neutrophils after transplantation, we injected lethally irradiated WT mice with BM stem cells that had been retrovirally transduced with FGFR2 or scrambled control shRNA. Flow cytometry of circulating neutrophils showed a strong reduction of FGFR2 expression in FGFR2-KD mice compared with control mice (Supplemental Figure 8) .
Intravital microscopy of the cremaster muscle. Intravital microscopy of anesthetized mice was performed as described (23, 25, (52) (53) (54) (55) (56) . To induce inflammation, mice received an intrascrotal injection of 500 ng TNF-α (R&D Systems) 2 hours before the exteriorization of the cremaster muscle. The cremaster muscle was prepared for intravital imaging as previously described (23, 25, (52) (53) (54) (55) (56) . For the investigation of chemokine-induced arrest, mice were injected i.v. with 500 ng CXCL1. Intravital microscopy was carried out on an upright microscope (Axioskop, Zeiss) with a 40×0.75 NA saline immersion objective. Leukocyte rolling velocity and leukocyte arrest were determined by transillumination intravital microscopy, whereas leukocyte extravasation was investigated by near-infrared reflected-light oblique transillumination microscopy. Recorded images were analyzed using ImageJ and AxioVision (Zeiss) software. Emigrated cells were determined in an area reaching out 75 μm to each side of a vessel for a vessel length distance of 100 μm (representing 1.5 × 10 4 μm 2 tissue area).
The microcirculation was recorded using a digital camera (Sensicam QE, Cooke Corporation). Blood flow centerline velocity was measured using a dual photodiode sensor system (Circusoft Instrumentation). Centerline velocities were converted to mean blood flow velocities as previously described. To perform the transfer of sham-operated leukocytes and CKD leukocytes, BM from sham-operated control animals and CKD mice was isolated and consecutively labeled with 2 mM green or orange cell tracker (Invitrogen) according to the manufacturer's instructions. The cells were injected i.v. in a 1:1 ratio 30 minutes after intrascrotal injection of WT mice with TNF-α (57). Static adhesion assay. Isolated neutrophils were plated on ICAM-1-coated 24-well plates and incubated at 37°C and 5% CO 2 for 1 hour. After
